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Abstract
This paper examines the transverse momentum spectra of baryons in the multi
particle production at modern colliders using Quark-Gluon String Model (QGSM).
It discusses 1) the difference in Λ0 hyperon spectra at proton-antiproton vs. proton-
proton reactions; 2) the growth of average transverse momenta of Λ hyperon with
proton-proton collision energies and 3) the dependence of average pt on the masses
of mesons and baryons at the LHC energy 7 TeV. This analysis of baryon spectra
led to the following conclusions. First, the fragmentation of antidiquark-diquark
side of pomeron diagram makes the major contribution to baryon production spec-
tra in the asymmetric p-p¯ reaction. Second, the average pt’s of hyperons steadily
grow with energy on the range from
√
s= 53 GeV to 7 TeV. Since no dramatic
changes were seen in the characteristics of baryon production, the hadroproduction
processes do not cause the ”knee” in the cosmic ray proton spectra at the energies
between Tevatron and LHC. Third, the average transverse momentum analysis,
through examining the different mass of hadrons, reveals the regularity in the mass
gaps between baryon-meson generations. This observation gives the possibility for
more hadron states with the masses: 13.7, 37.3, 101.5, 276, 750... GeV, which are
produced by geometrical progression with the mass factor of order δ(lnM)=1. These
hadrons may possess new quantum numbers or consist of heavy multi quarks.
1 Introduction
The aim of this paper is to analyze the transverse momentum spectra of hadrons
from the modern collider experiments (ISR 1,STAR 2,UA5 4, UA1 3, CDF 5, AL-
ICE 6, ATLAS 7 and CMS 8). A number of reasons warrant this study. First
of all, the preliminary compilation of data on Λ0 hyperon transverse momentum
distributions 2,4 demonstrates a difference in the dynamics of multi particle pro-
duction in proton-proton vs. antiproton-proton collisions, which suggests that the
baryon spectra are sensitive to the asymmetrical reactions where the fragmentation
of diquark-antidiquark chain plays an important role. Secondly, the detailed study
of characteristics of baryon spectra is necessary at the energies between Tevatron
and LHC, because the cosmic ray proton spectrum has a ”knee” in this range of
energies 9. The change in the slope of spectrum of protons, produced in the space,
either have an astrophysical origin or can be explained by the substantial change in
the dynamics of hadron production at this energy gap.
Finally, the course of average transverse momenta with the growth of hadron
masses can demonstrate the availability of higher mass generations behind beauty
hadrons, which supply the further increase of average transverse momenta. Inter-
pretation of these distributions in the up-to-date phenomenological model can help
resolve these issues.
The Quark-Gluon String Model [QGSM] approach is applied here to the de-
scription of pt spectra for all available flavors of baryons
10,11. The Model has
successfully described the large volume of data from previous generation of colliders
up to the energies
√
s= 53 GeV in the area of low pt’s
12. Recently, Λ0 hyperon
production have been studied in in updated version of QGSM13.
The figure 1 presents the compilation of the data, dN (Λ0)/dpt, in the region 0.1
GeV/c < pt < 5 GeV/c from the following experiments (ISR
1, STAR 2, UA1 3,
UA5 4 and CDF 5). It illustrates the changes in hyperon transverse distributions
in the energy distance from ISR to Tevatron experiments. Since to calculate the
average pt we do not need only the absolute values of distributions, those are chosen
arbitrarily. The range of low pt 0.3 GeV/c < pt < 4 GeV/c has the most impact on
the value of average pt. The figure clearly shows that average transverse momenta
grow with energy.
Figure 1: Transverse momentum distributions of Λ0 hyperons from colliders that preceded LHC. The
data are from ISR1 p− p at √s = 53GeV - empty triangles, STAR2 p− p at √s=200 GeV - black stars;
UA5 4p¯ − p energies : 546 GeV(empty squares) and 900 GeV(black squares); UA1 3 p¯ − p (630 GeV) -
black circles and CDF5 p¯− p at 1.8 TeV - black triangles.
2 Preliminary Comparison of Hyperon Transverse Momentum Spectra
from LHC Experiments
The recent data on Λ0 hyperon distributions are obtained in the following LHC
groups: ALICE 6 at 900 GeV, ATLAS 7 and CMS 8 at 900 GeV and 7 TeV. We
are going to compare the results of these LHC experiments with the data of lower
energy p− p colliders, ISR 1(
√
s = 53GeV ) and STAR2(
√
s = 200GeV ).
In the figure 2 the B values, the slopes of spectra, change, if we fit the data with
a simple exponential function: exp(-B*pt).
We can conclude that transverse momentum spectra are harder with the energy
growth that provides the change in the slopes, beginning from B=4,2 for ISR data,
B=2,6 for STAR and to B=2,0 at 900 GeV in ALICE. The slope is flatter at
√
s =
7 TeV, B = 1,5. The calculation of average transverse momenta requires a detailed
description of spectra, see section 3.
Figure 2: Transverse momentum distributions from p− p collider experiments: ISR1 (53 GeV) - empty
triangles, STAR2 (200 GeV) - black stars, ALICE6 (900GeV) - empty circles and ATLAS7 (7 TeV) - black
triangles, as fitted with the exponents.
Figure 3: Transverse momentum distributions at
√
s= 7 TeV: ATLAS7 - black triangles and CMS]citecms
- black squares
Both LHC experiments at 7 TeV, ATLAS and CMS, have presented the hyperon
spectra with the same slopes as expected (see the figure 3). The different forms of
the distributions at low pt region might be caused by efficiency specifics of ATLAS
experiment.
3 Baryon Transverse Momentum Distributions in QGSM
The QGS Model has been devised for the description of rapidity distributions and
hadron spectra in xF
10. The Model operates with pomeron diagrams (see the fig-
ure 6), which help calculate the rapidity spectra. These spectra are presented as the
convolutions of constituent quark structure functions with the diquark-antidiquark
pair distributions at the pomeron cylinder fragmentation into baryons. This ap-
proach took into account mostly the average pt values for given energy. The early
QGSM study 12 on the hadron transverse momentum distributions has shown that
the spectra of baryons in proton-proton collisions can be described with the following
pt-dependence:
E
d3σH
dxF d2pt
=
dσH
dxF
∗ A0 ∗ exp[−B0 ∗ (mt −m0)], (1)
wherem0 is the mass of produced hadron,mt =
√
p2t +m
2
0. The slope parameter,
B0, used to bring the dependence on xF in previous research
12. The values of B0
for the spectra of many types of hadrons (pi, K, p) were estimated for the data of
proton-proton collisions up to the energies of ISR experiment. The value of the
slopes of baryon spectra for the data in central region of rapidities was universal
and equal to B0 = 6,0.
As discussed above, the slopes of spectra, B0, at the modern collider experiments
depend on energy. Moreover, the form of spectra at LHC and RHIC indicates that
the value ofm0 is not the mass of proton or hyperon. A better description of hyperon
spectra can be achieved with m0 = 0,5 GeV that is actually the mass of kaon, see
the figure 4. This effect can be provisionally explained as the minimal transverse
momentum of hyperon at the fragmentation of diquark-quark chain (see the QGSM
pomeron diagram for p-p collisions in the figure 6). The value of m0 should be equal
to the kaon mass, because the minimal diquark-quark chain fragmentation produces
only two hadrons: Λ0+K.
4 The Difference between Distributions in Proton-Proton and Antiproton-
Proton Collisions
Here we consider the difference in the spectra of baryon production in symmetric
(p − p) and asymmetric (p¯− p) reactions.
4.1 The Data of UA5 Experiment
This subsection discusses the influence of quark composition of beam particles on
the shape of transverse momentum spectra of Λ0 hyperon production. The data
from p-p¯ experiments UA5 4 of energies,
√
s= 200 GeV and 546 GeV, are studied
(see figure 5).
The sharp exponential contribution to spectra is seen in p¯− p reaction at √s =
546 GeV in UA5 collaboration data4 at very low pt < 0.5 GeV/c, see the figure 5.
Figure 4: The description of proton-proton experiment data ISR1 (53 GeV), STAR2 (200 GeV), ALICE
6(900GeV) and CMS8 (7 TeV) data on hyperon production with the QGSM fit.
Figure 5: The forms of spectra at antiproton-proton reaction in UA54 - black squares at the energy√
s=200 GeV. The UA54 data of higher energy (
√
s=546 GeV) are shown with empty squares. As I
mentioned above, the absolute values of spectra are chosen arbitrarily. The fit for UA5(546) with solid
and dashed lines demonstrates two different components at the asymmetric one-pomeron cut.
This exponential component might exist in other antiproton-reaction spectra as
well, but it is not seen because of the absence of measurements in low pt’s.
The form of the spectrum at low pt has a strong impact on the value of cross sec-
tion, if the experimental distributions are integrated beginning from low momenta,
pt = 0.3 GeV/c. The resulting cross section from antiproton-proton reaction should
be smaller than the cross section, obtained in proto-proton collision of the same
energy, if there are no data points at pt < 0.5 GeV/c. The complex form of spectra
in UA5 can be explained by two component spectra for antiproton-proton collisions.
The QGSM diagrams explain the nature of two components in the asymmetrical
reaction.
4.2 The Difference in Distributions from antiproton-proton and proton-proton re-
actions in QGSM
The difference in pt-spectra of Λ
0’s produced in high energy p − p and p¯ − p colli-
sions cannot be explained in the perturbative QCD models, since both interactions
should give the mutiparticle production in central rapidity region due to dominat-
ing one Pomeron exchange. The total cross section and the spectra in p − p and
p¯− p collisions should be equal because they depend only on the parameters of the
Pomeron exchange between two interacting hadrons and should not be sensitive to
the quark contents of colliding particles.
Figure 6: QGSM multiparticle production diagrams for a) proton-proton and b) antiproton-proton reac-
tions.
The pomeron diagrams of p − p and p¯ − p collisions are shown in the figure 6.
In the framework of QGSM 10,11, which is based on the Regge theory and on
the phenomenology of pomeron exchange, the spectra of produced particles are the
results of the cut of one-pomeron diagrams. The comparison of diagrams shows that
the most important contribution to hadron production spectra in p¯− p reaction is
brought by the fragmentation of antidiquark-diquark chain of pomeron cylinder,
because this side of diagram takes the greater part of energy of colliding particles.
Otherwise, the p − p collision diagram is symmetric and built from two similar
quark-diquark chains. Therefore, the incorrect description of the region of small
transverse momenta at antiproton-proton reaction leads to underestimated values
of cross section. The figure 7 shows that baryon production at low energy goes with
the quark-antiquark annihilation. The resulting spectra consist of the contribution
from only diquark-antidiquark chain that allows us to see the pure form of baryon
transverse momentum distributions in asymmetric case of fragmentation. The form
of baryon spectra in antiproton-proton reaction of low energy was planned to be
studied in experiment TAPAS 14.
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Figure 7: The low energy diagram with quark-antiquark annihilation and diquark-antidiquark chain
fragmentation.
5 Average Baryon Transverse Momenta vs. Energy and ”Knee” in
Cosmic Ray Spectra
As the data on baryon distributions in antiproton-proton reactions are irrelevant
for consideration, the spectra from LHC can be compared only with measurements
of proton-proton collision experiments : ISR and STAR. We consider the transverse
momentum spectra in the wide range of energies: beginning from 53 GeV to the
LHC energy 7 TeV.
The cosmic ray proton spectrum shows the ”knee” (see figure 8) at the energy gap
between Tevatron and LHC colliders9. The change in the slope of proton spectrum
at Elab ≈ 3* 1015 eV might be a manifestation of a new regime in hadronic interac-
tions. Otherwise, the change in the spectrum may have an astrophysical origin. The
analysis of average baryon transverse momenta in the framework of QGSM clearly
demonstrates that the average transverse momentum of baryons grows steadily with
energy (see figure 9).
The < pt > values grow in the range of energy from 53 GeV (ISR) up to
√
s
= 200 GeV (STAR) and then they go with the asymptote s0.05. This behavior
cannot be considered as substantial change in hadroproduction processes. Since no
spesific points exist in baryon production up to
√
s = 7 TeV, which corresponds to
Elab = 2, 5 ∗ 1016 eV, it is reasonable to conclude that ”knee” has an astrophysical
explanation. For instance, the ”knee” may indicate the maximal energy of protons
that are produced in a nearest galaxy.
The growth of average transverse momenta was calculated in the framework
of QGSM on the energy distance up to LHC. This result should be used for the
interpretation of futher data of LHC groups. However, the energy dependence of
Figure 8: The cosmic proton spectrum with the ”knee” between Tevatron and LHC energies.
Figure 9: Average transverse momenta of hyperons increase with the energy, as s0.05.
< pt > is not yet included into MC generators calculations. In such a way, the
results of this research will help improve LUND, Pythia and other MC models.
6 Average Transverse Momenta vs. Mass of Hadrons
The previously published analysis of transverse momentum spectra of baryons from
LHC experiments (ALICE, ATLAS, CMS)15 provided only partial data on hadron
spectra. In order to get a full understanding of average transverse dependence on
hadron mass, we supplement here the data with the spectra of kaons, D-mesons and
B-mesons from LHC16 at 7 TeV. The heavy quark meson spectra were fitted with
the same formula (1) as the baryon spectra (see the figure 10).
Figure 10: The QGSM fit of B-meson spectra at
√
s=7 TeV in LHCb16 experiment.
As the result of the fit, the average pt of B-mesons is equal to 4,46 GeV at the
energy
√
(s)=7 TeV. The dependence of average transverse momenta on the mass
of hadron in the figure 11 shows that < pt >’s grow with masses. If we imagine
symmetric point between meson and baryon masses of a given quark flavor, the
mass distance between points of one hadron generation and the next one can be
estimated with the mass factor δlnMH = 1. It means that we have the geometric
progression for the masses of hypotetical hadrons.
The extension of this sequence provides the hadron states with the following
masses: 13.7, 37.3, 101.5, 276, 750 GeV and so forth. The plot is expanded with
average pt dependence < pt >∝ M0.1H above the bottom hadron masses. These
hypothetical hadrons may represent heavy multi quark states that are of neutral
baryon and lepton charge. This hypothesis attempts to predict new particles and
helps achieve the ”supersymmetric” unification of baryon and meson features at
heavy masses revisited recently in18. It should be noted, however, that the mass of
top quark does not match the suggested collection of new hadron states. But top
quark mass is to be released from the lower mass multiquark state with applying
the energy.
Figure 11: The mass dependence of average momenta of hadrons (mesons - empty triangles, baryons -
black circles). The extensions for the hypothetical heavy hadron states are shown with the black stars.
7 Conclusions
The overview of results in transverse momentum distributions of hyperons produced
in proton-proton collisions of various energies13,21 has revealed a significant change
in the slopes of baryon spectra in the region of pt = 0,3 - 8 GeV/c. The spectra of
baryons become harder with the energy growth from ISR(
√
s=53 GeV) and RHIC
(200 GeV) up to LHC (0,9 and 7 TeV). The detailed analysis of hyperon spectra in
the framework of QGSM demonstrates the change of slopes from B0 = 4,6 (ISR at
53 GeV) to B0 = 2,1 (LHC at 7 TeV). The transverse momentum baryon spectra
in antiproton-proton collisions (UA1, UA5, CDF) differ from the pt distributions
of baryons in proton-proton collisions (ISR, STAR, LHC). QGSM explains this
phenomenon as a difference in the splitting of transverse energy between two sides
of pomeron diagram. The cut diagram for antiproton-proton case includes the
unusual side with the diquark-antidiquark ends, which accumulates more energy
than another quark-antiquark side of cylinder. It is reasonable to suggest that the
difference in spectra disappears with the growth of energy due to the increasing
multipomeron contributions into the differential cross section that are similar for
both p¯−p and p−p collisions. The average pt values in proton-proton collisions grow
steadily as the power of energy, s0.05, up to highest LHC energy 7 TeV. Therefore,
the baryon production processes at the energies of LHC are not totally random.
This conclusion has crucial implications for cosmic ray physics, since it suggests
that the ”knee” at Elab ≈ 4* 1015 eV in cosmic proton spectra does not originate
in hadronic interactions. There is no significant change in baryon spectra up to
√
s
= 7 TeV corresponding to Elab = 2, 5 ∗ 1016 eV in the cosmic ray physics. I suggest
that the ”knee” may indicate the maximal energy of protons from a nearest galaxy.
The idea of proton production in space warrants a further detailed investigation of
the hadroproduction dynamics in the framework of QGSM.
The average transverse momentum analysis, through examining the different
mass of hadrons, indicates a regularity in the mass gaps between heavy quark
baryon-meson generations. This observation gives the possibility for more hadron
states with the masses: 13.7, 37.3, 101.5, 276, 750... GeV, which are produced by
geometrical progression with the mass multiplier of order δ(lnM)=1. These hadron
states may possess new quantum numbers or consist of heavy multi quarks. Since
the results of this research shed new light on baryon production at LHC, they should
be considered in current MC generators, as LUND, Pythia etc. This study shows
that the results of phenomenological analysis of experimental data have far-reaching
implications for the high energy physics.
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